Abstract-Photoinduced light scattering and optical spectroscopy have been used to study the photorefractive effect and determine the band gap in nominally undoped congruent and stoichiometric lithium niobate crystals, as well as in a series of congruent LiNbO 3 crystals doped with Mg, Zn, B, Gd, Y, and Er cations and LiNbO 3 single crystals codoped with Mg:Gd, Mg:Fe, Mg:Y, and Mg:Ta.
INTRODUCTION
There is currently great interest in studies aimed at creating highly optically perfect ferroelectric materials with low photorefractivity (optical damage) for information transfer, storage, and processing devices; frequency converters; and electro-optical modulators and gates with optimized properties. Ferroelectric lithium niobate (LiNbO 3 ) crystals offer large electrooptical, pyroelectric, nonlinear optical, and piezoelectric coefficients and exhibit a photorefractive effect, whose magnitude varies in a very wide range, depending on the composition of the crystals [1] [2] [3] [4] .
Lithium niobate is a phase of variable composition, which allows one to both drastically change and finetune the physical characteristics of lithium niobate crystals by doping and varying their stoichiometry [1, 3] . The unique properties of LiNbO 3 crystals are due to specific features of their highly imperfect structure, which in turn depends on their composition [1] [2] [3] [4] . In addition to deep electron traps produced by photorefractive point defects (primarily, by Nb Li antisite defects: Nb 5+ ions on the Li + site in the ideal structure of stoichiometric crystals), lithium niobate crystals contain a high concentration of shallow electron traps, which influence the photorefractive effect [3] [4] [5] [6] . If a LiNbO 3 crystal is exposed to laser radiation, photoexcitation processes (drift and electron diffusion) lead to spatial charge separation and produce an internal electric field, which is responsible for photoinduced refractive index changes [4, 7] . A predominant mechanism of the photorefractive effect in LiNbO 3 crystals is a photovoltaic mechanism, where the photovoltaic field (E pv ) considerably exceeds the diffusion field (E d ) [6] . Moreover, laser radiation incident on a crystal causes photoinduced (photorefractive) Rayleigh light scattering by laser-induced defects responsible for changes in refractive index [7, 8] . The opening angle and rate of the speckle structure of the photoinduced light scattering (PILS) indicatrix determine the photorefractive response and write speed. The magnitude of the photorefractive effect, PILS, photoconductivity, and electrical conductivity in LiNbO 3 crystals vary widely, depending on their composition [3, 4, [7] [8] [9] [10] [11] [12] [13] . Note that this should be accompanied by changes in their band gap. The band gap of a nominally undoped congruent LiNbO 3 crystal is 3.72 eV, which is similar to values characteristic of wide-band-gap semiconductors [6] . Reducing the band gap, one can cause the properties of LiNbO 3 crystals to approach those of semiconductors, which might, in principle, allow optical materials with cross effects to be designed.
In this work, PILS and optical spectroscopy are used to study the photorefractive properties and determine the band gap of a series of LiNbO 3 quency conversion, electro-optical modulators and gates, and optical materials with micron-and submicron-scale periodic structures. The results obtained are compared to those for nominally undoped congruent (LiNbO 3 congr ) and stoichiometric (LiNbO 3 stoich ) crystals. The optical absorption spectra, electrical conductivity, PILS, and photoelectric fields in LiNbO 3 crystals of some compositions were studied previously [3, [12] [13] [14] [15] [16] [17] [18] [19] .
EXPERIMENTAL
LiNbO 3 single crystals were grown by the Czochralski technique in air [20] . Nominally undoped congruent lithium niobate crystals were pulled from a melt of congruent composition, and stoichiometric crystals were grown from a melt containing 58.6 mol % Li 2 O. Dopants were added to the melt in the form of extrapure-grade oxides. We used lithium niobate growth charges produced at the Tananaev Institute of Chemistry and Technology of Rare Elements and Mineral Raw Materials, Kola Scientific Center, Russian Academy of Sciences [21] . In the case of LiNbO 3 :Mg(0.86 wt %):Fe(0.0036) and LiNbO 3 :В (0.12 wt %) crystals, the dopants were added not to the melt but during the synthesis of the growth charge, in the form of homogeneously doped Nb 2 O 5 :Mg:Fe and Nb 2 O 5 :B precursors [22] . Samples for characterization had the form of rectangular parallelepipeds ~7 × 6 × 5 mm (±2 mm) in dimensions, whose edges were parallel to the X, Y, and Z crystal-physical axes (where Z is the polar axis of the crystals). The faces of the parallelepipeds were thoroughly polished.
The position of absorption edges was determined using an MDR-41 monochromator. To determine the band gap of a crystal, we measured its transmission spectrum. Using the spectral dependence of the light intensity transmitted through the crystal, we obtained an inverse spectrum, that is, absorption spectrum. The light source used was a deuterium lamp. The linear descending part of the resultant absorption spectrum was extrapolated to the abscissa. The intercept of the line with the abscissa yielded the wavelength corresponding to the absorption edge of the crystal. The position of the absorption edge was determined with an accuracy ±1.0 nm. The band gap was found as E = hc/λ, where λ is the wavelength corresponding to the absorption edge, h is Planck's constant, and c is the speed of light in vacuum. PILS was excited by a frequencydoubled Nd:YAG laser (MLL-100, λ 0 = 532 nm, I 6
.29 W/cm 2 ). The experimental setup and technique used to determine parameters of the PILS indicatrix were described in detail elsewhere [8, 12] . From the parameters of the PILS indicatrix, using a method proposed by Goulkov et al. [23] we determined photovoltaic and diffusion electric field strengths and induced birefringence taking into account Sellmeier formulas. The uncertainty in our calculations was 1.5-2.0%. The experimental setup and procedure used to evaluate photoelectric fields were described in greater detail previously [16, 17] . [12] ), which suggests that it has a considerably stronger photorefractive effect than do the other crystals. Moreover, the stoichiometric lithium niobate crystal has a considerably lower photovoltaic field (than do the other crystals): ~3178 V/cm. The stoichiometric crystal differs from the other crystals under consideration by a high degree of order of structural units in the cation sublattice, low density of Nb Li defects (which act as the deepest electron traps), and considerably higher concentration of shallow electron traps [4, 12] .
RESULTS AND DISCUSSION
It is seen from the present data that the crystals under consideration range in band gap from 3. Table 1 ). Note that, in the LiNbO 3 stoich , LiNbO 3 :Y(0.46 wt %), and LiNbO 3 : Mg(0.63):Y(0.24) crystals, the PILS indicatrix opens very rapidly, during the first second of the exposure of the crystal to laser radiation [24] , whereas in the other crystals this takes ~60 s. Note also that the LiNbO 3 : Y(0.46 wt %) and LiNbO 3 :Mg(0.63):Y(0.24) crystals have the most complex dynamics of the development of the speckle structure of the PILS pattern over time, which is due to the complex energy redistribution between the ordinary and extraordinary rays [24] . The band gap is widest (3.84 and 3.83 eV) in the LiNbO 3 :Mg(0.75 wt %):Gd(0.23) and LiNbO 3 :Zn(2.05) crystals, respectively ( Table 1 ). The band gap of the congruent lithium niobate crystal (3.72 eV) approaches the largest one. Note that the electrical conductivity of the congruent LiNbO 3 crystal is ≈10 -16 to 10 -15 S/cm [25] and that its conductivity along its polar axis Z is considerably lower than that across the axis [25, 26] . According to the data in Table 1 , the stoichiometric crystal has an intermediate band gap (3.48 eV). We have found no data on the electri-cal conductivity of stoichiometric lithium niobate crystals. It is worth noting that the absorption edge of the weakly colored LiNbO 3 :Mg(0.86 wt %):Fe(0.0036) and LiNbO 3 : Er(3.1) crystals can be influenced by absorption bands of the dopants [4, 27] . The influence is stronger when the bands of the dopants are closer to the fundamental absorption edge.
Thus, there is a correlation between the band gap, photoelectric fields, and the magnitude and temperature dependence of PILS parameters of the crystals studied ( Table 1 ). The photorefractive effect in LiNbO 3 crystals is due to defects with electrons localized at them. The state of the fundamental absorption edge is determined by the structural uniformity of the crystal, which is better in nominally undoped congruent lithium niobate crystals than in doped congruent lithium niobate crystals [14, 15, 18, 19] . The major defects in nominally undoped congruent and doped congruent lithium niobate crystals are Nb Li and defects in the form of shallow electron traps [3] [4] [5] [6] . Note that, at higher values of R = Li/Nb, the crystals contain lower Nb Li defect densities, but higher densities of defects in the form of shallow electron traps. An ideal stoichiometric crystal contains no Nb Li defects, and the photorefractive effect in it is predominantly due to the presence of shallow electron traps, whose concentration in such crystals is considerably higher than that in congruent lithium niobate crystals. It is also seen from the present results (Table 1) that the higher the photoelectric fields in a crystal, the stronger the photorefractive effect and the larger the PILS indicatrix.
CONCLUSIONS
We have studied absorption spectra and PILS in LiNbO 3 crystals. It has been shown that the position and behavior of the absorption edge of the lithium niobate crystals depend on the nature of the dopant. From parameters of their fundamental absorption edge, we evaluated the band gap of the crystals, and from PILS indicatrix parameters we assessed the photovoltaic and diffusion fields in the crystals. The results demonstrate that the band gap of the crystals depends on the state of their defect structure, which determines the magnitude of the photorefractive effect and the photoelectric field. The band gap is narrowest in the LiNbO 3 
